This study evaluates the role of protozoa in larval fish feeding by describing protozoa in larval fish diets and testing the hypothesis that, in the Irish Sea, larval fish feed on protozoan prey at rates that potentially sustain their food requirements. Gut contents of 11 taxonomic groups of larval fish were examined, and protist prey occurred in the diet of all of them. Protozoan prey were identified, which provided an insight into their trophic role. Most of the protozoan prey were autotrophic or mixotrophic. In general, larval fish diets were constant over the spring/summer period, regardless of prey availability in the field and the composition of larval fish assemblage (taxonomy and size). A laboratory experiment on ingestion rates of flounder larvae as a function of ciliates concentration was conducted. Combined laboratory and field data showed that, in the Irish Sea, it is unlikely that ciliates are often the primary food source of flounder larvae, and, by implication, other larval fish as well. However, ciliates and other protozoa could be a substantial component of the larval fish diet, and they may potentially prevent food limitation.
INTRODUCTION
This study focuses on one region which is part of the nursery area for fish in the Irish Sea (Lee et al., 2005) , but it also explores a more general issue, that of the role of protozoa in feeding and survival of fish larvae. The diet of larval fish is determined by their gape and prey size and escape abilities (Gerking, 1994) , suggesting that small slowswimming prey, such as protozoa (single celled heterotrophic and mixotrophic eukaryotes, e.g. dinoflagellates and ciliates), are a suitable prey (Hunt von Herbing & Gallager, 2000; Hunt von Herbing et al., 2001) . Furthermore, protozoa contribute substantially to microplankton numbers and biomass, making them an available food source for larval fish (Stoecker & Capuzzo, 1990) . To date, there have been few studies that examine the contribution of protozoa to the diet of larval fish, and the majority focuses mainly on conspicuous hard-bodied cells, i.e. tintinnids (Stoecker & Govoni, 1984) . In contrast, the soft-bodied cells (e.g. naked ciliates and non-armoured dinoflagellates) seem to have been overlooked in the larval fish diet, probably as they are fragile and quickly digested (Ohman et al., 1991; Lair et al., 1994; Fukami et al., 1999) . The few exceptions to this oversight indicate the presence of naked protozoa in the guts of fish larvae collected from the field (Fukami et al., 1999; Figueiredo et al., 2005) and specifically the importance of ciliate prey for a first-feeding larvae (Hunt von Herbing et al., 2001) . Based on these observations, we have further examined protists, particularly protozoa, in fish larvae diets and have specifically tested the hypothesis that larval fish in the Irish Sea may feed on protozoan prey at rates that potentially sustain larval food requirements.
The contribution of protozoa to the diet of larval fish in the central Irish Sea was investigated in two ways: first by identifying protozoa in the diet of larval fish from the field and second by estimating ingestion rates in the laboratory. Given the diversity of trophic functions of the protozoa (Gifford, 1991) , identifying these prey in larval fish diet allowed us to elucidate the protozoan-metazoan link. Then, we examined, using larval gape size, which species might consume protozoa-sized particles (even though they were able to ingest larger prey) and the temporal occurrence of these species. Finally, we combined grazing rate estimates with protozoan densities in the field, to estimate if the available protozoan prey contributes to sustain larval fish feeding in the Irish Sea.
MATERIALS AND METHODS

Sample collection
Daylight (1000 to 1400 h) sampling was conducted off the west coast of the Isle of Man, Irish Sea, during the spring and summer (23 April, 6, 19 May, 1, 22 June, 12 July 1999) at three sites (Figure 1) . At each site, larval fish were collected by a double oblique haul (5 min, ∼2 m s −1 ) using a Gulf VII high-speed plankton sampler (280-μm mesh net) and preserved with 5% Bouin's, a recommended fixative for naked ciliates (Lee et al., 1985) . Fish larvae were identified to the lowest possible taxonomic level. Alimentary canals (5-47) of fish larvae from each taxonomic group were removed, opened, rinsed with distilled water, and the gut contents of fish larvae from the same taxon and of similar size were pooled (note this methodology prevented individual diet estimates but did provide sufficient numbers of prey to obtain useful counts). Gut contents were settled for 24 h using the Utermöhl method (Hasle, 1978 ) and identified to the lowest possible taxonomic level.
Larval fish abundance and gape-sizes were determined from samples collected by 10-min, horizontal hauls, at 1, 15, and 25 m, from every site, using the Gulf VII. Although the sampler did not have an opening/closing mechanism, the contamination from intermediate depths was assumed to be negligible since the relative time at the sampling depth was much greater than the deployment and retrieval time (approximately 30:1 in time).
Formalin preserved (4%) larvae were enumerated and identified to the lowest possible taxonomic level. Total length and upper and lower jaw lengths of preserved larvae were measured under a dissection microscope equipped with an image analysis system (Scion Image for Windows, Scion Corp., MD, USA), and gape-sizes were determined using the cosine rule, where jaw-lengths correspond to two sides of a triangle forming an angle assumed to be 45° (Shirota, 1970; Rowlands et al., 2006) . Larval length-gape regressions were determined for each taxonomic group (N=43-112 for each regression). Then, to estimate the dominant gape size, the median length of larval fish, for each taxonomic group, was applied to the appropriate length-gape regression. Fish were then placed into discrete groups according to their gape sizes. Due to difficulties in identifying early stages of larval fish, some regressions were determined for the higher taxonomic levels (e.g. Gobiidae, Ammodytidae).
At the same sampling sites, at three depths (surface, 15 and 25 m), protists (e.g. ciliates, dinoflagellates, diatoms) were collected in 1.7-l Niskin bottles attached to a Rosette sampler (SeaBird Inc.), and fixed with 2% Lugol's iodine. Samples were settled for 24 h using the Utermöhl method (Hasle, 1978) , and protists were identified and counted as described above. (Nagano et al., 2000) .
Grazing experiments
Flounder larvae were acclimated to ciliate prey for 18 h prior to experiments. Larvae (∼5) were transferred to a black cylindrical glass flask (1-l) and kept, without food, for 4 h to avoid the satiation state before the experiments. Surface light intensity was ∼15 μmol m −2 , and the water was 11°C (the same temperature as the rearing tanks). The water column was gently mixed by aeration. Experiments were initiated by adding ciliates at pre-defined densities (4-60 ciliates ml −1 ) to containers with (treatment) and without (control) flounder larvae. Ciliates densities at the beginning (t=0 h) and end (t=3 h) of experiments were determined from 100 ml samples fixed with 2% Lugol's iodine and enumerated as described above for field samples of protists.
Ingestion rates were determined as the difference of initial and final prey densities over the incubation period divided by the number of larvae in each container, considering appropriate control-corrections following previous studies (Frost, 1972; Ohman et al., 1991) . Thus, each container yielded an independent measurement of ingestion rate. Ingestion rates as a function of prey density were plotted, and a Type II functional response was fitted to the data (i.e. a rectangular hyperbolic function) as previously used for larval fish (Kiørboe et al., 1987) . To obtain a good estimate of the non-linear regression between ingestion rates and prey densities, we conducted many measurements of ingestion rates (i.e. many prey densities) rather than inappropriately replicating the prey levels.
RESULTS
Larval fish diet
The gut contents of ∼250 larvae were examined, and due to the rapid digestibility of protists, particularly soft body cells, we found low numbers of cells in larval fish guts (average for all taxa of ∼0.8 cells larva −1 ). Thus, five taxonomic groups of larval fish (i.e. Platichthys flesus, Merlangius merlangus, Rockling, Blenniidae, Labridae), which had lower numbers of protist cells in their guts (<10 cells per taxon) were analysed together (Table 1) . Clearly, the low numbers of cells found in larval guts prevent this study from statistical comparisons between the diets of the larval fish groups. However, here we describe and identify protist prey in larval fish diet from the field. Protist prey occurred in the diet of all taxonomic groups analysed and the Gobiidae and Ammodytidae were the taxonomic groups that had the highest average numbers of protist per larva (Table 1 ). Although it was not possible to quantify the number of larvae that contained protist prey from pooled larval fish guts (see Materials and Methods), the per cent-contribution of each prey was determined (Table 1) . Prey in larval fish guts were often in advanced stages of digestion, but it was possible to identify virtually all of them to higher taxonomic levels (e.g. diatoms, armoured and non-armoured dinoflagellates and ciliates) and in some cases to species level (Table 1; Figure 2 ). Among the protists, diatoms had the lowest numerical contribution to the diet, occurring only in the guts of Ammodytidae and Gobiidae larvae, while protozoan in general and specifically ciliates occurred in the guts of all larval fish taxa (Table 1) . Ciliates and soft cells had a higher contribution to the diet of all taxonomic groups of larval fish, except to the diet of Limanda limanda, where the armoured dinoflagellate i.e. Protoperidium spp. was the dominant item (Table 1) .
Larval fish size
Larval fish size was analysed both as larval length and by their gape size, as the latter is relevant to larval feeding. There was temporal separation of the abundances of larval fish taxa within the defined gape size-classes; i.e. 0. 25-0.35, 0.36-0.45 (Table 2) . For the 0.25-0.35 mm gape-sized fish, high densities of Merlangius merlangus occurred first, and these were followed by Callionymidae, then rockling, and finally Gobiidae. For the 0.36-0.45 mm gape-sized fish, Limanda limanda occurred first, followed by Sprattus sprattus.
Prey availability
Protozoa found in the diet of fish larvae during the sampling period were compared with the protozoan assemblage collected in the field (Figure 3 ). The total protozoan density in the field increased >10-fold between early spring and summer. Initially, in the early spring (23 April) only dinoflagellates (armoured and non-armoured) occurred in the field samples, at low densities. Then, during the late spring (6, 19 May) naked ciliates and dinoflagellates contributed similarly to the protozoan density. A peak of naked ciliates occurred on 1 June. Finally, dinoflagellates, particularly non-armoured, dominated in the summer (22 June, 12 July). In the naked ciliates group (Figure 3) , the autotrophic Myrionecta rubra (=Mesodinium rubrum) was the dominant species, and during the early summer they were more abundant than the total density of all other ciliates. In contrast, the hard-bodied ciliates (tintinnids) always occurred in low numbers. Protozoa in the larval fish diet showed small variations over the study period (Figure 3) , although the composition and size of larval fish assemblage changed (Table 2) . Naked ciliates were the dominant protozoa (32-80%) in the overall larval diet during spring and summer, and of these M. rubra contributed most on 12 July (40%), reflecting the high densities of this ciliate in the field (Figure 3 ). Tintinnids and armoured dinoflagellates occurred in larval fish diet (except on 1 June) despite their low densities in the field (i.e. tintinnids for the entire period and armoured dinoflagellates during spring, right-side, Figure 3 ). In summary, the occurrence of protozoa in the larval fish diet seemed to be relatively constant, regardless of their availability in the field.
Larval fish grazing on ciliates
Ingestion rates (I, ciliates larva −1 h −1 ) of flounder larvae as a function of prey concentration (P, ciliates ml −1 ) were fitted to a Type II functional response (R 2 =0.28; P<0.05; Figure 4 ), described by the equation I=2806×P/(208+P). Although this non-linear regression was significant, there was scatter in the data, and after correcting for controls, there were some 
DISCUSSION
Protists in larval fish diet
Certainly, copepods have been described as the most important item in larval fish diet (Fortier et al., 1995; Figueiredo et al., 2005) ; however, few studies have pointed out the occurrence of other types of prey in larval diets. For instance, Fukami et al. (1999) , using a different methodology from the traditional gut analyses, revealed that naked protistlike cells occurred in the guts of >50 taxa of larval fish collected in the Seto Inland Sea, Japan. Our data, from the other side of the world, support these findings and extend them by identifying the protists. Furthermore, both small and large larvae consume protozoa (Fukami et al., 1999; cf Tables 1 & 2) , even though, based on larval gape-size, all fish larvae could capture larger prey, such as the small copepods (0.1 to 0.35 mm wide) found in the central Irish Sea (Gowen et al., 1998; Figueiredo et al., 2005) . Although quantifying protozoa prey in the natural diet of larval fish was not possible due to their rapid digestion, the occurrence of protists, principally naked protozoa, in larval guts suggest that fish larvae seem to capture these prey, despite their small size and relative transparency. In fact, hard body cells were likely to be more often found in larval diet, since they are more resistant to digestion and, therefore, easier to identify. In contrast, naked cells were dominant in the diet of the majority of taxonomic groups of larval fish analysed. The presence of naked protozoa in the guts of larval fish indicates that they have been overlooked from their diet, and this might help to explain the paradox of larval fish surviving where there appears to be a low food supply (Van der Meeren & Naess, 1993) .
The identification of protist in the guts of Irish Sea fish larvae elucidated some trends related to feeding preferences. Initially, diatoms, with their frustules that can be easily identified in larval guts, had a low contribution to larval fish diets. Although, the numeric density of diatoms in the field was not estimated here, during the sampling period this item always contributed more than 20% of total protist biomass, being the dominant group in biomass in the May samples (Figueiredo et al., 2005) . Therefore, diatoms seem to be an avoided item by larval fish. Comparisons between protozoa in larval fish diets and those available in the field (Figure 3 ) suggest that fish larvae do not seem to feed merely according to protozoa availability; instead they seem to have some prey preference. For instance, in the first sampling (23 April) ciliates were rarely found in the field, but they occurred in the larval diet. Moreover, tintinnids, despite their typically low abundances in the field (Nielsen & Kiørboe, 1994; Montagnes et al., 1999; Figure 3) , were found in larval fish diets. In contrast, although dinoflagellates abundance increased in the summer, this pattern was not paralleled by a commensurate increase in larval fish diet; possibly they are avoided due to their hard structure and presence of spines (Tomas, 1997) . The naked ciliate Myrionecta rubra was an exception, as it was the prey that occurred in the diet of the majority of larval fish taxa and was also abundant in the field. Although it has been suggested that larval fish seem to feed on the most available prey (Van der Meeren & Naess, 1993) , they also select food visually, based on contrast and movement (Buskey et al., 1993) . Hence, it is not surprising that M. rubra was regularly ingested, as it is a red ciliate that moves by rapid jumping (Lindholm, 1985) . Note that the use of different fixatives for samples from the larval guts (Bouin's) and field (Lugol's) does not seem to bias our analyses as, at the concentrations used here, these fixatives seem to provide a similar account of cells (Stoecker et al., 1994) . It must be pointed out that even though there was a temporal separation of larval fish taxa and size (Table 2) , which could suggest a niche separation, it was not demonstrated by the protozoa in larval fish diet analysed here. Thus, larval fish showed a similar diet over the period studied despite the variations in prey availability and composition of larval fish assemblage. As we are now beginning to recognize the potential importance of protozoa in the diet of larval fish, a future direction may be to quantify protozoan prey in larval fish diet and investigate prey preferences.
Distinguishing protists in larval fish diets also provided insight into their trophic role. Fish larvae did not appear Figure 5 . (A) Functional responses estimated in the current study and seven other studies (references in the legend) using copepod or ciliates as prey and standardized to carbon specific ingestion rates (μg C of prey μg C larvae −1 h −1 ), prey biomass (μg C ml −1 ) and temperature corrected (to 11°C; see details in the Discussion); (B) initial portion (prey density 0-0.06 μg C ml , which indicates the prey densities at which the functional responses reach the required amount of food to sustain larval growth (see details in Discussion). Averages of ciliates and copepods found in the field are indicated on the x-axis. A B to eat the abundant autotrophic diatoms (Table 1) . However, most of the protists found in larval fish diet were autotrophic (Myrionecta rubra) or mixotrophic (dinoflagellates Gymnodiniaceae and naked ciliates Laboea strobila and Strombidium capitatum). These mixotrophs are photosynthetic but also heterotrophic, grazing on nanoflagellates and diatoms (Stoecker et al., 1989; Tomas, 1997) . Describing heterotrophic and mixotrophic protozoa in the larval fish diet represent more evidence that the role of protozoa in the pelagic food web is complex, and that these prey are a link between the microbial food web and metazoa (Uitto et al., 1997) , such as larval fish.
Larval fish ingestion rates
Once it was identified that fish larvae feed on protozoa, estimates of the rate at which they eat these prey are needed, especially for young larval fish, with small gape sizes, as protozoa may be the only prey of suitable size to sustain their growth and enhance their survivability (Nagano et al., 2000; Hunt von Herbing et al., 2001) . However, most functional responses for larval fish have been determined using crustacean prey e.g. Artemia and copepods (Gerking, 1994) ; to our knowledge there are only four experimental feeding-studies that consider protozoa as prey (i.e. Ohman et al., 1991; Lair et al., 1994; Nagano et al., 2000; this study) . Such functional response data are time consuming to collect, particularly due to the difficulties involved in growing large numbers of planktonic protozoa. Our study on flounder (Figure 4) indicates a functional response, suggesting that even at densities of the ciliates well above those found in the plankton, the response does not saturate. Thus, larval fish may exert a top down control on protozoan due to their high ingestion rates on this prey. In fact, in the early spring sample (23 April) occurred the lowest protozoan density (Figure 3 ) concurrently to the highest larval fish biomass (Figueiredo et al., 2005) . However, in the current study we cannot conclude if either larval fish predation can reduce their food supply due to the high ingestion rates and relatively high larval fish biomass, or specifically in the case of 23 April the low density of protozoa is a consequence of a late spring phytoplankton production.
We have compared our work with other functional response studies, including those that used different species and sizes of larval fish feeding on ciliates and copepod nauplii ( Figure  5 ). To standardize data we transformed ingestion to carbon specific ingestion rates (i.e. μg C of prey μg C of predator
) and prey density to carbon (μg C ml −1 ), based on the values provided by authors and assuming conversion factors of dry weight-carbon for larval fish of 36% (Nicholas, 1995) and for copepod nauplii of 45% (Kiørboe et al., 1985) . Ingestion rates were also temperature-corrected to that used in the present study (11°C), assuming a Q 10 of 2.3 (MacKenzie et al., 1990) .
This comparison showed both differences and similarities between the curves ( Figure 5 ). Undoubtedly, differences in the responses were in part due to the prey. For instance, copepods have harder body structures and are better able to escape than ciliates; these attributes might influence the time of handling and capturing prey and, consequently, influence the asymptote and initial slope of the functional response, respectively. Differences between the functional responses were also likely due to fish larvae behaviours, i.e. Houde & Schekter (1980) found different responses for three species of larval fish of similar size and feeding on the same copepod prey (see Figure 5 ). Moreover, larval fish feeding on large copepod prey (e.g. Munk, 1995) will likely have higher specific ingestion rates than those feeding on smaller ciliate prey (e.g. our study). In contrast, studies on similar sized fish feeding on similar prey (ciliate) produce similar responses i.e. our study and that of Ohman et al. (1991) .
The studies of larval fish feeding only on ciliates (Ohman et al., 1991; Lair et al., 1994; Figure 4) indicated that, at high prey densities, fish larvae were able to ingest large numbers of ciliates, i.e. up to 400 to 1500 ciliates larva
, possibly due to their ability to rapidly capture, handle, and swallow ciliate prey. Moreover, larvae could detect and ingest ciliates at lower densities than those often found in the Irish Sea and other marine environments, i.e. ∼10,000 l −1 (Montagnes et al., 1999; Gifford & Caron, 2000) . Thus, these studies suggest that larval fish may feed on protozoa, either ingesting high amounts of protozoa when they occur in high densities (i.e. patches) or feeding on them at their average density in the sea. Both strategies might have an effect on larval fish survival and therefore deserve further investigation.
We recognize that our conclusions are, at this point, based on limited data. Although the response determined in our study fell within the range of ingestion rates determined by previous works (see Figure 5 ) and indicates ingestion rates at the ciliates density often found in the field (<20 ciliates ml −1 ) similar to that described by Ohman et al. (1991) , it is important to recognize the limitations of our experiment. Like most small-scale incubations for grazing, this experiment only approximates field conditions, and factors such as patchy prey distribution and micro-turbulence, that may influence ingestion rates, were not considered (MacKenzie et al., 1990) . Still, we consider these experiments to be the first approximations of grazing estimates to assess if larvae could obtain their daily food requirement by feeding only on protozoa in the Irish Sea.
An application of ingestion rates
The comparison of the eight functional responses indicates that in six cases (including the current study), over the range of prey (copepods and ciliates) biomass found in the field (Mackenzie et al., 1990; Lynn & Montagnes, 1991) , fish larvae could potentially obtain the amount of food required per day to maintain their growth (see required food d −1 in Figure 5B ). This argument is based on the assumption that the daily food requirement for larval fish is ∼55% of their body weight or ∼20% of larval body carbon d −1 (MacKenzie et al., 1990; Pepin & Penney, 2000) ; i.e. ∼1.7% of larval body carbon h −1 =0.017 μg C of prey μg C of predator −1 h −1
, assuming continuous feeding for 12 h d −1 (the daylight period during the spring). Using our estimates from the flounder larvae functional response, a 10-13 d old flounder larvae would ingest ∼25% of its body carbon d −1 at the maximum density of ciliates typically found in the field (20 ml −1 ) (Figure 4) . A similar result, ∼30% of larvae body carbon d , was found for a 4-d old anchovy feeding only on the same density of ciliates (Ohman et al., 1991) . The highest ciliates densities in Protozoa in the diet of larval fish G.M. Figueiredo et al. the Irish Sea, i.e. ∼24 ml −1 (Edwards & Burkill, 1995) , could theoretically sustain flounder growth, and periodic blooms of some ciliates, such as the functional autotroph Myrionecta rubra, which reaches densities of ∼10 ml −1 (Montagnes et al., 1999) , could provide substantial local food sources. However, in our fieldwork, from the 58 samples analysed (3 sites, 3 depths, 6 cruises), only 12% had densities >15 ciliates ml −1
. In addition, an extensive spatial and temporal sampling programme in the Irish Sea described ciliates and dinoflagellates abundances <10 cells ml −1 (Edwards & Burkill, 1995) . Therefore, it seems unlikely that ciliates are often the primary source of nourishment for flounder larvae and, by extension, other larval fish. However, given our estimates of ingestion, ciliates (and other protozoa) could be a substantial component of the larval fish diet; this could be especially important during the young stage (Hunt von Herbing et al., 2001) , potentially preventing food limitation when metazoan prey are rare or inaccessible (i.e. larger than larval gape size).
We suggest that investigating the role of protozoa in larval fish feeding deserves further research, as it approaches not only the function of protozoa as a link between the classical and microbial food webs, but also the survival of larval fish during the early stages, which might highly depend on these prey.
